(b) Plasma catecholamines (CA) steadily increased during hemorrhage and peaked during compensation (a 100-fold increase). The CA decreased progressively during decompensation.
INTRODUCTION
Hemorrhagic shock is associated with three main stages: (a) hemorrhage, (b) compensation, and (c) decompensation. When the reservoir technique is used, compensation is characterized by equilibrium of the blood in the reservoir with the blood in the animal, and decompensation is characterized by reuptake of blood. The decompensatory (irreversible) phase has been closely correlated with mortality (1) (2) (3) . Although a number of investigators have evaluated catecholamine (CA)1 and renin changes in the initial phase of hemorrhagic hypovolemia, there has been little study of hormonal and cardiovascular interrelationships throughout the progression of the hypovolemia to irreversible shock.
Superfusion with a stream of blood over selected isolated smooth muscle preparations permits immediate, continuous, and direct bioassay of changes in concentration of hormonal substances present in the circulation (4) . This method permits a temporal correlation between blood levels of vasoactive substances (CA, prostaglandins [PG] , angiotensin) with changes in cardiovascular parameters (peripheral resistance, blood pressure, heart rate) during the time-course of hypovolemia and all stages of shock. In addition, the availability of new pharmacologic tools (angiotensin antagonists and inhibitors of PG synthetase) make it possible to confirm centration, since converting enzyme activity (conversion of angiotensin I [AI] to AII) is highest in the lung (4) . However, PGE or PGF are reported to be metabolized by one passage through the lung (5, 6) . Therefore, very low levels of PGE and PGF would be expected in arterial blood. Surprisingly, PG-like activity was detected in carotid artery blood, and therefore its timecourse was determined.
METHODS
Anesthesia was induced with thiopental in dogs (10-20 kg) and maintained with chloralose (40 mg/kg), supplemented with 20 mg/kg when necessary. The dogs were intubated with a cuffed endotracheal tube. Cannulae were inserted into both femoral arteries and veins, one carotid and one jugular vein. Blood pressure was measured with a P-1000 A linear core pressure transducer (Physiograph, Narco BioSystems, Inc., Houston, Tex.). The cannula from one of the femoral arteries was connected to a plastic bag for bleeding. The plastic bag was suspended from a myograph (F-1000, Physiograph, Narco Bio-Systems), and therefore, the bleedout was recorded as blood weight. A simplified schematic overview of the experimental setup is given in Fig. 1 . The dogs were bled to a mean arterial pressure of 45-50 mm Hg, according to a modification of the Wiggers technique (7) . Bleeding was performed by opening a stopcock between the cannula and the bag which allowed the blood to flow into the bag. The height of the bag was adjusted to maintain the pressure at 45-50 mm Hg until all of the blood is taken up by the dog. The dogs were heparinized with 1,000 U/kg.
Bioassay technique. The presence of CA, AII, and PG was investigated in carotid artery blood by a continuous bioassay, the blood-bathed organ technique of Vane (4) , and superfusion with a dialysate against blood as developed by Collier (8) . Blood was taken from the carotid artery and pumped by a peristalic pump (Harvard Apparatus Co., Inc., Millis, Mass.) through a bifurcation. One blood supply (11 ml/min) went over one set of assay organs and was returned by gravity to a vein. The other blood supply (25 ml/min) went through a plate dialyzer (Meltec Ltd., Buckinghamshire, England) with Cuprophan membranes, 150 PM, (Cobe Laboratories, Inc., Lakewood, Colo.) and was dialyzed counter-current against warm (370C) oxygenated (95% 02, 5% CO,) Krebs-Henseleit solution (7 ml/min). The blood returned to another vein, and the dialysate cascaded over a second set of assay organs. The tubing containing dialysate and the blood to the organs was surrounded by a warming jacket to maintain the temperature at 370C.
The assay organs were selected for their sensitivity to the substances analyzed. Three organs were used in each set: rat stomach strip (4, 9), rat colon (4, 10), and rat aorta (11) in the blood-superfused set, and chicken rectum (5), rat stomach strip, and rat colon in the dialysate-superfused set. The combination of rat stomach, rat colon, and chick rectum is particularly suitable for assaying PG-like activity (5) . Simultaneous contraction of the chick rectum and rat stomach demonstrates the presence of PGE-like material, while contraction of the rat colon with little or no contraction of the rat stomach or chick rectum would indicate the presence of PGF2,,. The correlation of the above pattern of response to the presence of PGE or PGF2, has been verified by chromatographic, chemical, and immunologic methods (12) (13) (14) (15) (16) . Therefore, the qualitative identification of PG is based on the specificity of the bioassay system (5, 12) but is reinforced by the disappearance of activity after indomethacin, a potent and specific inhibitor of PG biosynthesis (17) (18) (19) .
The dialysate-perfused organs were made more specific by infusing hyoscine hydrobromide (1 ,&g/min, anticholinergic), methysergide maleate (2 ,g/min, antiserotonin), phenoxybenzamine hydrochloride (1 ,ug/min, a-adrenergic blocking agent), propranolol hydrochloride (20 ug/min, 8- adrenergic blocker), diphenhydramine hydrochloride (1 ,g/ min, antihistaminic) (12) , and indomethacin (10 ,ug/min, inhibits PG biosynthesis) (20) .
Although CA, PG, and other substances appear in the dialysate, the presence of adrenergic (a and f) blockers inhibit the CA response (and similarly histamine, acetylcholine, and serotonin are inhibited). Therefore, the contraction caused by PG is not opposed by CA relaxation. The indomethacin was perfused directly over the assay organs to eliminate the possibility that the assay organs might release PG and also to enhance the sensitivity of the assay organs to exogenous PG (20) .
Angiotensin has been shown to dialyze poorly from heparinized blood into the Krebs solution (8 produced by the high CA levels. Specific competitive antagonists were used to qualitatively confirm the presence of AII, but quantitation of the contribution of the renin-AII system was measured by plasma renin activity determinations.
The efficiency of the dialyzer was determined in separate experiments by infusing solutions of PGE2 standards into the blood stream before the dialyzer or into the Krebs solution after the dialyzer. An amount of PGE2 standard (nanograms per minute), which gave a submaximal contraction when infused before the dialyzer, was matched with that amount causing an equivalent contraction of the assay organs when infused after the dialyzer. From these amounts (nanograms per minute), the efficiency of the dialyzer was calculated to be 12%o. Collier (8) investigated hormone binding to plasma proteins with this dialysis membrane and machine. Dialysis with Krebs solution on both sides of the membrane was compared with dialysis from blood to Krebs solution. In these experiments, protein binding did not influence the quantity of PGE2 or PGF2a dialyzed.
The dead space for the blood in the dialysis system is 30 ml, and the tubing dead space for the direct blood superfusion is 15 ml. The changes in smooth muscle tension were measured isotonically with myograph transducers (Harvard Apparatus Co., Inc.).
Renin assay (radioimmunoaassay). Blood samples, 0.5 ml, were taken from a catheter placed in the vena cava above the renal vein. The blood was collected in chilled tubes containing 4 mg of EDTA and immediately centrifuged to separate the plasma. The plasma was frozen until the assay was performed. The radioimmunoassay for AI (E. R. Squibb and Sons, Princeton, N. J.) was used according to the method described by Lubran, Fu, and Sundeen (21) .
Catecholamine assay. Blood samples, 10 ml, were taken from the vena cava, collected in chilled tubes, and immediately centrifuged. 4 ml of plasma was used for the assay. The CA extraction and fluorometric determination was performed according to the method reported by Anton and Sayre (22) . Since epinephrine plasma levels are much higher than norepinephrine levels during hemorrhagic shock, the standard curves were prepared with epinephrine standards.
Materials. Methysergide was kindly supplied by Sandoz Pharmaceuticals, East Hanover, N. 45-50 mm Hg mean blood pressure. The pressure shows systolic and diastolic pressure. The blood weight indicates the bleedout. The dog is bled into a plastic bag suspended from a myograph. The assay organs are superfused with carotid artery blood. The contraction of the rat aorta suggests increased CA levels in the blood, and the contraction of the rat stomach strip and rat colon suggests a rise in angiotensin levels.
Infusion of cysteine'-AII into the blood superfusing the assay organs causes a relaxation of the rat stomach strip and rat colon, confirming the presence of angiotensin. RESULTS Time-course of renin and catecholamine levels. Fig.  2 gives the time-course of renin and CA levels in relation to alterations in the hemorrhage volume. Both CA and renin levels rose quickly, about 100-fold and 8-fold, respectively, after the start of hemorrhage and were maintained at high levels. However, as blood was taken up by the dog during decompensation, CA levels fell but remained well above control (10-fold), whereas renin levels were maintained throughout. The same profile was observed in every dog (n = 12).
The CA levels in these experiments are higher than most of those reported in the literature for hemorrhagic shock (23) (24) (25) . However, many of these investigators used pentobarbital anesthesia, which was shown by Walker et al. (26, 27) to diminish greatly adrenal medullary secretion. The CA levels in hemorrhagic shock in unanesthetized dogs reported by Walker et al. (27) are comparable to those reported in this study.
Presence and role of AII during hemorrhage. The presence of AII in carotid artery blood was investigated by continuous bioassay (blood-bathed organ technique). Fig. 3 gives a representative experiment of the events at hemorrhage. The contraction of the rat colon and rat stomach strip suggests the presence of AIl. In 15 (out of 19) experiments, the assay organs sensitive to AII contracted. The presence of AII was confirmed in nine experiments by infusing the specific AII antagonist, cysteine8-AII or isoleucine8-AII (28) (20 /g/ml), across the assay organs. In all instances, the assay organs sensitive to AII relaxed (Fig. 3 ). Angiotensin antagonists have been shown to be absolutely specific and do not block the action of biological substances other than angiotensin (29 colon and rat stomach strip) to another. CA antagonists could not be infused over the assay organs, since the blood is returned to the dog. In two experiments, the rat colon remained contracted throughout all stages of shock. In these two dogs, the CA levels were well below the calculated average (Fig. 2) , and the renin levels were relatively high.
If one assumes almost complete conversion of AI to AII, the renin levels observed in these experiments (50 ng AI/ml/h) would be equivalent to 0.8 ng AII/ml/min, which is comparable with the AII levels observed after hemorrhage by Hall 50 &g/kg/min). The mean blood pressure fell by 20±2.5 mm Hg (Fig. 4) . In four of the experiments, blood returned to the dog (decrease in blood weight) indicating peripheral vasodilation. After the infusion of the angiotensin antagonist was discontinued, the blood pressure returned to preinfusion levels or slightly higher, and blood was again forced into the reservoir. The presence and role of CA after hemorrhage. The presence and time-course of CA after hemorrhage can be seen from the results of the fluorometric assay (Fig.  2) and from the contraction of the rat aorta (Fig. 3) which was observed in all experiments. The presence of CA and the role in circulatory compensation after hemorrhage was supported by the i.v. administration of the a-adrenergic blocking agent, phenoxybenzamine (n = 7). However, phenoxybenzamine is not entirely specific for CA and could block other vasoconstrictor substances in the aorta. Phenoxybenzamine, 5 mg/kg during hemorrhagic shock, caused an additional fall in mean arterial pressure of 26±5 mm Hg, relaxation of the rat aorta, and return of blood to the dog (decrease in blood weight). A representative experiment is given in Fig. 5 .
The presence and role of PG after hemorrhage. The presence of PG in carotid artery blood was determined by continuous bioassay (superfusion with a dialysate against carotid artery blood) in 10 dogs. Humoral substances, such as PG, CA, histamine, serotonin, etc.
would be dialyzed into the Krebs-Henseleit and superfused across the assay organs. However, the CA, histamine, serotonin, and acetylcholine have no effect on the Krebs-perfused organs, because the mixture of antagonists is continuously present to block the response to these substances. Therefore, a PG-produced contraction could not be influenced by the above substances. In all of these experiments, a contraction of the rat stomach strip and chicken rectum occurred shortly after hemorrhage, indicating the presence of PG-like activity. A typical experiment is given in Fig. 6 (33) . The presence of PG in carotid artery blood was confirmed in five experiments by the i.v. administration of indomethacin (1-2 mg/kg). This caused a relaxation of the assay organs sensitive to PGE (chicken rectum and rat stomach strip, Fig. 7 ). In two of these dogs, a contraction of the rat aortas was observed after indomethacin administration, indicating further CA release. The aortas in the other experiments were probably already maximally contracted at this point, and therefore, did not contract any further. This was tested in some experiments by the application of exogenous epinephrine, which did not cause any increase in contraction. However, they did relax with phenoxybenzamine, indicating that the smooth muscle was not paralyzed. An attempt was made to quantitate the effect of indomethacin on plasma CA levels. Such determinations proved inconclusive because CA levels were rising too rapidly during compensation (the time when PG is present in the arterial blood), so that it was not possible to determine if indomethacin treatment increased blood CA levels. The influence of drug treatment on blood CA levels during compensation is further complicated by the considerable variability in levels from dog to dog. Indomethacin treatment of unhemorrhaged dogs did not change the level of contraction in the assay organs. The administration of indomethacin to hemorrhaged or unhemorrhaged dogs had no effect on plasma renin activity.
The i.v. administration of indomethacin during hemorrhage and the compensatory phase caused a rise in mean arterial pressure of 19±2.8 mm Hg (n = 9) which was accompanied by increased bleedout (increase in blood weight) (Fig. 7) . This response was greatly attenuated when indomethacin was administered during early decompensation and completely absent during late decompensation. Indomethacin did not cause a rise in blood pressure when given before hemorrhage.
A schematic profile of the vasoactive substances examined during the different phases of hemorrhagic shock is given in Fig. 8 , which summarizes the data. Hemorrhage is associated with a rise in renin, CA, and PGE-like activity. The surge of PGE-like activity is transient. CA levels rise to very high levels and then fall during decompensation, and renin remains elevated through all phases of hemorrhagic shock. DISCUSSION CA and renin-angiotensin in cardiovascular compensation of hemorrhagic shock. The time-course of CA and renin in relation to the hemorrhage volume (Fig. 2) raises the question of relative importance of AII and CA in the compensatory and decompensatory phases of hemorrhagic shock. With the reuptake of blood, CA levels fall, while renin levels are maintained. The reason for this phenomena is not understood. However, the decrease in CA levels cannot be merely due to the dilution by the returning blood, because there is a 10-fold decrease in CA plasma levels while approximately onehalf of the animal's blood was in the bag (therefore, one-half dilution). Compensation and decompensation seem to closely correlate with plasma CA levels but not with plasma renin activity. It therefore appears that the development of irreversible shock is not directly dependent on changes in circulating AII levels. A decrease in CA levels with decompensation has been observed by other investigators (23) (24) (25) . A complete time-course of renin during all phases of hemorrhagic shock, according to our knowledge, has not been reported. High (37) found that continuous infusion of norepinephrine into hemorrhagic dogs accelerated the rate of decompensation, measured as a more rapid reuptake of blood from the reservoir and earlier death. Pretreatment with the a-adrenergic blocker, phenoxybenzamine, delayed the onset and reduced the rate of reuptake of blood and prolonged survival. Nevertheless, there has only been limited success in the treatment of shock with adrenergic blockers (25) .
Du Charme and Beck (38) hemorrhaged dogs and determined that the potential of the renal pressor system to reduce vascular capacity during hypotension was about 60% that of the adrenergic nervous system. Thus, Endocrine Profile in Hemorrhagic Shock it would be anticipated that adrenergic blockade alone would not overcome the profound vasoconstriction produced in hemorrhage. Therefore, angiotensin antagonists (alone or in combination with adrenergic blockers) may have some potential value in the treatment of shock. This is exemplified by the substantial reduction in blood pressure and vascular resistance produced by the infusion of cysteine8-AII into hemorrhaged dogs (Fig. 4) . Furthermore, Errington and Rocha e Silva (39) prolonged survival of hemorrhaged dogs by pretreatment with 1.5 mg/kg of SQ-20881 (AI-converting enzyme inhibitor). Combined use of adrenergic and angiotensin antagonists thus has the potential of restoring adequate tissue perfusion. This treatment, used in combination with other efforts to support the circulation, should help to avoid the complications which arise from the prolonged ischemia of organs, such as the kidney, where acute tubular necrosis may occur during shock.
Interaction of angiotensin, CA, and PG. Hodge, Lowe, and Vane (31), as well as Scornik and Paladini (36) , observed that hemorrhage caused an increase of AII blood levels. Reduction of renal arterial pressure by balloon inflation to the same level as caused by the hemorrhage experiments did not result in comparable AII levels. Therefore, reflex nerve activity seems to be an important stimulus of renin release during hemorrhage. The sympathetic nerve is known to enter the kidney along the renal artery. Application of local anesthetics to the renal pedicle abolished the rise in AII blood levels (31) and in renin levels (40) due to hemorrhage. It therefore appears that enhanced adrenergic activity leads to renin secretion. The resultant circulating AII further amplifies systemic adrenergic tone by stimulating CA release from the adrenal medulla (41) and by enhancing the release of CA from adrenergic nerve terminals (42) (43) (44) . There is some evidence that this CA-AII cycle is partially inhibited by PG of the E type, which can either (a) inhibit the release of CA from adrenergic nerve endings (45) or (b) directly cause vasodilation and thus counteract the vasoconstriction produced by CA or AII (17, 33) .
A number of stimuli could be involved in the generation of PG during shock. These include ischemia (13, 46, 47) , CA (47) (48) (49) , adrenergic nerve stimulation (14, 47, 49) , and angiotensin (15, 50, 51) . The systemic effect of the circulating PG during hemorrhagic hypotension is clearly evidenced by the increase in blood pressure and vascular resistance induced by indomethacin and the associated fall in PG levels in blood (Fig. 7) . Collier, Herman, and Vane (52) also noted that indomethacin administration to hemorrhaged or endotoxintreated dogs abolishes PG in the blood and simultaneously causes a vasoconstriction. The rise in vascular resistance induced by indomethacin would appear to be the result of the deinhibition of adrenergic stimulation by removing PGE and the simultaneous removal of the direct vasodilator influence of circulating PGE. Hedqvist (45, 53) suggests that PGE is involved in a negative feedback mechanism decreasing norepinephrine outflow upon adrenergic stimulation. Inhibition of PG synthesis was found to cause an increased norepinephrine secretion from adrenergic nerve endings upon stimulation (54) . During hemorrhagic hypotension, enhanced adrenergic tone exists. Therefore, blockade of PG synthesis by indomethacin might be expected to enhance the response to adrenergic stimulation during compensation, which would add to the increase in systemic blood pressure produced by the elimination of the vasodilator PGE. It is also of interest to note that during hemorrhage, CA levels are rising steeply, while PGE levels are declining after a peak (Fig. 8) . This may indicate that during hemorrhage, PGE is suppressing CA release, including that from the adrenal medulla, since epinephrine levels are elevated to a greater extent in hemorrhagic hypotension than norepinephrine levels (24, 25) .
PGE-like material in carotid artery blood after hemorrhage. The appearance of PG-like activity in carotid artery blood due to hemorrhage has not been previously reported. The evidence that the activity detected is due to PG of the E type is based on the specificity of the bioassay used (4, 5) and the blockade of the activity by indomethacin which inhibits PG synthesis (18) . The origin of the PG-like activity in carotid artery blood is not known. Piper, Vane, and Wyllie (5) and McGiff, Terragno, Strand, Lee, and Lonigro (6) have shown that 90% of PG, except PGA, disappear in one passage through the lungs of a normal animal. The enzyme capacity of the lungs was exceeded at an i.v.
infusion rate of 10 ,Ag/min of PGE& (5) . On the other hand, the lung has been demonstrated to synthesize and release PG. Piper and Vane (55) have observed that bradykinin, antigen (in sensitized lung), or mechanical stroking are all potent stimuli for the release of PG. We have shown that the adenine nucleotides, ATP and ADP, can elicit the appearance of PG in pulmonary venous effluent (56) . The initial phase of hemorrhagic hypovolemia was routinely characterized by appearance of PGE-like activity in carotid artery blood (Fig. 6) . Several possibilities exist which could explain this observation: (a) the lungs may not destroy PG during hemorrhagic hypotension because of severe vasoconstriction or shunting of blood away from the pulmonary sites of destruction, (b) the enzyme capacity may be exceeded, (c) PG may be synthesized in the lung distal to the site of destruction. Severe pulmonary vasoconstriction during hemor-rhagic hypovolemia has been reported by a number of workers (25, 57, 58) .
Regardless of the source of PG in the carotid blood, its presence is transient while hypovolemia persists. The determinants for the duration of the PG release are unknown at this time. Autoregulatory readjustment of blood flow across the kidney (59) and the heart (60) have been associated with the appearance of PG. The functional significance of this initial PG release, its organ source, and fate are currently under investigation.
